T o evaluate the potential contribution of extracellular enzymes to the pathogenicity of mycobacteria, the presence of selected enzyme activities was investigated in the culture filtrates of the obligate human pathogen Mycobacterium tuberculosis, M. bovis BCG, the opportunistic pathogens M. kansasii and M. fortuitum, and the non-pathogenic species M. phlei and M. smegmatis. For M. tuberculosis and M. bovis, 22 enzyme activities were detected in the culture filtrates and/or cell surfaces, of which eight were absent from the culture fluids of non-pathogens: alanine dehydrogenase, glutamine synthetase, nicotinamidase, isonicotinamidase, superoxide dismutase, catalase, peroxidase and alcohol dehydrogenase. These activities, which correspond to secreted enzymes, formed a significant part (up to 92 O/ O) of the total enzyme activities of the bacteria and were absent from the culture fluids and the cell surfaces of the non-pathogenic species M. smegmatis and M. phlei. The extracellular location of superoxide dismutase and glutamine synthetase seemed to be restricted to the obligate pathogens examined. The difference in the enzyme profiles was not attributable to the growth rates of the two groups of bacteria. The presence of the eight enzyme activities in the outermost compartments of obligate pathogens and their absence in those of non-pathogens provides further evidence that these enzymes may be involved in the pathogenicity of mycobacteria. In addition, the eight enzyme activities were demonstrated in the cell extract of M. smegmatis. Stepwise erosion of the cell surface of M. smegmatis to expose internal capsular constituents showed that the various enzyme activities, with the possible exception of superoxide dismutase, were located more deeply in the cell envelope of this bacterium. This suggests that the molecular architecture of the mycobacterial envelopes may play an important role in the pathogenicity of these organisms.
INTRODUCTION
There has been a resurgence in diseases resulting from infections with mycobacteria in the last 25 years. More people died from tuberculosis in 1995 -about 3.1 million -than in any other year in history, according to the 1996 report of the World Health Organization (Moran, 1996) .
Almost 2 billion people -one-third of the world's population -have been infected with Mycobacterium tuberculosis, the causative agent of tuberculosis, of whom 5-10 '% will develop the active disease. Tuberculosis is becoming a major health problem in industrialized countries, due to the emergence of drugresistant strains and the coincidence of tuberculosis and HIV infection (Bloom & Murray, 1992) .
In spite of the considerable body of work devoted to deciphering the molecular basis of mycobacterial pathogenicity, little is known about the mechanisms by which the facultative intracellular pathogenic species, notably M . tuberculosis, are capable of resisting destruction and multiplying inside mononuclear phagocytic cells. The peculiar structure and composition of the mycobacterial cell envelope (Daffe & Draper, 1998 ) is nevertheless thought to account for the organisms' virulence to a large extent (Daffe, 1996) . This conclusion is based on several intriguing observations, including the fact that virulent mycobacteria growing intracellularly are surrounded by a capsule. This may be part of a defence mechanism permitting all mycobacterial pathogens to resist being killed by phagocytic cells (Draper & Rees, 1970) . The protective capsule not only controls access from the medium to the inside of the mycobacterial cell but also determines what components come into contact with host cells and tissues (Daffe & Draper, 1998) . The outermost constituents of the bacilli, which include the extracellular material released by actively growing rriycobacteria in artificial culture media, are composed primarily of protein and carbohydrate (Lemassu & Daffe, 1994; Lemassu et al., 1996; Ortalo-Magne et al., 1995) .
During the last few years, there has been a significant change in our knowledge about the tactics used by pathogenic micro-organisms to infect their hosts (Cossart et al., 1996) . In particular, attention has focused on the proteins secreted by microbial pathogens which are implicated in their virulence (see Sears & Kaper, 1996) . Many of these proteins, for example the bacterial proteinases (Travis et al., 1995) , have sufficient enzyme activity to account for their toxicity. In the case of mycobacteria, the presence of enzyme activities in cultures of M. tuberculosis has been known for a long time. Some of these activities were determined in agar cultures, generally to identify the species (Tsukamura, 1981) . Other activities have been examined directly from culture supernatant (Casal & Linares, 1984 ; Kannan et al., 1987) . In both cases, however, and due to extensive autolysis which occurs in cultures of mycobacteria, the question of the exact localization of these activities remained. More recently, the nature of the extracellular material released from M. tuberculosis during its different growth phases has been reinvestigated by several authors. These studies firmly established that the culture filtrates from the early growth phase, in which the bacterial lysis was minimal, contained secreted proteins (Abou-Zeid et al., 1986; Andersen et al., 1991; Ortalo-Magne et al., 1995) which may also be defined by quantitative means . Although numerous studies have been devoted to the antigenic properties of these secreted polypeptides (for reviews see Andersen & Brennan, 1994; Young et al., 1992) , little attention has been paid to their enzymic activities. Nevertheless, based on their distribution between pathogenic and non-pathogenic strains and their putative biological role, five proteins, namely superoxide dismutase (Zhang et al., 1991) , alanine dehydrogenase (Andersen et al., 1992) , glutamate synthetase (Harth et al., 1994) , thioredoxin (Wieles et al., 1995) and phospholipase C (Johansen et al., 1996) have been regarded to some extent as virulence determinants. The present study compared the enzyme profiles of the extracellular materials of the obligate pathogens M. tuberculosis and M . bovis, the opportunistic pathogens M. kansasii and M . fortuitum, and the saprophytic M. smegmatis and M . phlei. To distinguish between those activities due to secreted proteins and those caused by the release of cell-envelopeassociated or cytosolic proteins, the enzyme activities were monitored throughout the different growth phases of M. tuberculosis and M . smegmatis and three enzymes with well-known locations in the different compartments of the cell were used as standards.
METHODS
Strains and growth conditions. Mycobacterium bovis (BCG Pasteur, CIPT 140040001), M . fortuitum (ATCC 6841), M . kansasii (ATCC 12478), M . phlei (ATCC 11758), M . smegmatis (ATCC 607), and M . tuberculosis H37Rv (ATCC 27294), H37Ra (ATCC 25177) and strain Canetti (CIPT 140010059) were inoculated by loop (roughly 10 mg wet bacteria) into 100 ml Sauton's medium (Sauton, 1912) in a 250 ml flask and incubated at 37 "C as surface pellicles for the periods indicated.
Production of the culture filtrates. The pellicle growth conditions enabled cells to be easily harvested by permitting the medium to be collected while the pellicles remained attached to the flasks. The culture broths were collected, sterilized by filtration through a 0.2 pm sterile Nalgene filter (Nalge) and concentrated under vacuum to one-tenth of the original volume. Tween 80 was added to an aliquot of the concentrated filtrates (1 ' /o, w/v) to determine the possible influence of the detergent on both the qualitative enzyme activity profile and the protein concentration (see below). The remaining culture fluids were precipitated twice with 6 vols cold ethanol to eliminate most of the salts. The precipitates were collected after centrifugation at 14000 g for 1 h, dissolved in distilled water and dialysed against distilled water. Protein concentration was determined by the Coomassie blue reaction (Bio-Rad protein assay) and the filtrates were adjusted to 50 pg protein ml-l by evaporation under vacuum at room temperature.
Isolation of surface-exposed and internal capsular materials. The surface-exposed materials were recovered from surface pellicle grown cells as described by Ortalo-Magne et al. (1995) . Briefly, mycobacterial cells were harvested and gently shaken for 1 min with 10 g glass beads (4 mm diameter) per 2 g (wet wt) cells. The resulting declumped cells were suspended in distilled water (50 ml per flask) and immediately sterilized by filtration as described above. In a parallel experiment, the original culture medium of actively growing cells was replaced by fresh Sauton's medium containing 1 ' /" (w/v) Tween 80, and the cells were shaken at 37 "C for 1 , 4 or 24 h (Ortalo-Magnk et al., 1996) . Cells were then harvested by centrifugation and treated with glass beads as described above. The filtrates derived from the treatment of bacilli with Tween 80 and/or glass beads were concentrated separately under vacuum to one-tenth of the original volume. The presence of Tween did not modify the enzyme profile of the culture filtrates tested but did lead to an overestimation of protein concentration. For this reason the culture filtrates derived from the treatment of bacilli with Tween 80 were precipitated twice with 6 vols cold ethanol to eliminate most of the salts and Tween 80. The precipitates were collected after centrifugation at 14000g for 1 h, dissolved in distilled water and dialysed overnight at 4 "C. The resulting materials were concentrated under vacuum to adjust their protein concentration to 50 pg ml-l and their enzyme profiles analysed. Subcellular fractionation of M. smegmatis and M. tuberculosis. The culture filtrates were carefully collected and the cell pellicles were treated with glass beads (Ortalo-Magne et al., 1995) to disperse clumps and resuspended in cold phosphatebuffered saline (PBS; 0.16 M NaCl, 0.15 M sodium phosphate buffer, pH 7.2) supplemented with 3 mM 2-mercaptoethanol. M . smegmatis cells from the mid-exponential growth phase were broken using a French pressure cell (Aminco) at 24000-26000 p.s.i. (165-180 kPa) and the disrupted cells were centrifuged for 15 min at 3000 g. In the case of M. tuberculosis and the remaining mycobacteria examined, wet cells (6 g ) were mixed with 12 g precooled ( -20 "C) ballotini in a chilled mortar; cells were thoroughly ground in a safety cabinet (MSC 111) for 15 min to yield a pale yellow cream. The mixture was resuspended in 20 ml cold PBS and centrifuged for 30 min at 3000g to eliminate the unbroken cells. The 3000g supernatants obtained from all the mycobacterial species examined (the cell extracts), which consisted of cytosol and cell envelopes, were recentrifuged for 20 min at 20000g. The pellets resulting from this centrifugation were assumed to consist mainly of cell envelopes ; the supernatants, representing mixtures of cytoplasmic components and cell membranes, were filtered through a 0.2 pm membrane (Nalge).
Determination of enzyme activities. T o prevent any bacterial contamination during the incubation experiments, chloramphenicol and gentamicin (Sigma) at a concentration of 1OOpg ml-l were systematically added to the assays. The presence of possible microbial contamination was carefully checked after each long enzyme incubation. All enzyme activities were assayed at least three times at the recommended pH ; absorbance was determined in cuvettes (1 cm path length) using a Perkin-Elmer UV/Vis spectrometer Lambda 16.
The API ZYM test (bioMerieux) was used to detect the presence of 19 enzyme activities according to the manufacturer's instructions. Samples (70 pl) of the fractions were added to each cupule of the strips; after incubation, the colour was allowed to develop for 5 min, following the addition of the manufacturer's reagents, and the enzyme activities were graded according to the intensity of colour with the API ZYM colour reaction chart.
Isocitrate dehydrogenase activity was assayed using the ICD diagnostic kit for quantitative determination (Sigma), with changes in A,,, corresponding to the reduction of NADP to NADPH. A Sigma unit for isocitrate dehydrogenase activity was defined as the quantity of enzyme that produced 1 nmol NADPH in 1 h at 25 "C. Alanine aminopeptidase activity was assayed using 1 mM L-alanine-p-nitroanilide (Sigma) in 25 mM Tris/HCl buffer, pH 7.2. After incubation for 16 h at 37"C, the release of free p-nitroaniline was measured by monitoring A,,,. A unit of alanine aminopeptidase activity was defined as the quantity of enzyme that released 1 pmol pnitroaniline in 1 h at 37 "C. The other enzyme activities were expressed in arbitrary units defined as : (difference of absorbance between the assay and the blank) x [(total vol. of the fluid)/(vol. of the assay)]. The localization index of a given enzyme was adapted from that previously proposed by Wiker et al. (1991) for mycobacterial antigens and was defined as the total extracellular activity per mg protein from the culture fluid divided by the total activity per mg protein in the cellbound compartment (cell extract plus cell envelope fractions).
The following activities were assayed in agar plates in 25 mM Tris/HCl buffer, pH 7.2 (Smibert & Krieg, 1981) using 50 pl (50 pg protein ml-l) of the fraction, except for lipase activity, where both 10 and 50 pg protein ml-l concentrations of the fraction were used. Lipase was detected by incubating the fraction on agar plates supplemented with 1 % (v/v) sterile Tween 80 and 0.01 '/o CaC1, for 2 d at 37 "C; a positive test was indicated by an opaque halo of crystals of calcium soap around the wells. Mucinase (Kannan et al., 1987) and hyaluronidase were detected in a similar way using 0.28% porcine stomach mucin and 0.1% hyaluronic acid from Streptococcus xooepidemicus (Sigma), respectively ; the reactions were revealed by flooding the plates with cetrimide (Sigma). The occurrence of amylase and glycogenase was investigated using 0.2 '/o substrate and revealed with iodine vapour ; similarly, gelatinase was assayed using 0.2 '/o gelatin and the reaction was revealed using ethanol. DNase and RNase were assayed as described by Kannan et al. (1987) .
Other activities were measured following the hydrolysis of an insoluble substrate: 1 '/o (w/v) skimmed milk (Difco) for endopeptidase, 5 '/o (v/v) horse blood (bioMerieux) for haemolysin and 0-075 '/o (w/v) Micrococcus lysodeikticus lyophilized cells (Sigma) for lysozyme. In addition, endopeptidase activities were assayed in liquid conditions with 2 '/o (w/v) chromogenic substrates, Azocasein, Elastin-Congo Red, Azo-dye-impregnated collagen or Hide Powder Azure (Sigma), 25 mM Tris/HCl buffer, pH 7.2. After 16 h at 37 "C the release of the free chromogen was monitored at 440,495,516, and 630 nm, respectively.
The following activities were assayed as indicated : alanine dehydrogenase (Andersen et al., 1992) , alcohol dehydrogenase with 0-8 M butan-1,3-diol as substrate (de Bruyn et al., 1981) , amidases (Bonicke, 1962) , aminopeptidases (Muftic, 1967) , asparaginase (Jayaram et al., 1968) , glutamate dehydrogenase (Meers et al., 1970) , glutamate synthase (Meers et al., 1970) , glutamine synthetase (Woolfolk et al., 1966) , glyceraldehyde-3-phosphate dehydrogenase (Schraufstatter et al., 1988) , neuraminidase (Warren, 1959) , peroxidase (benzidine assay) (Buttiaux et al., 1966) , phospholipase C (Kurioka & Matsuda, 1976) , pyruvate oxidase (Chang & Cronan, 1982) , superoxide dismutase (Paoletti & Mocali, 1990 ) and thioredoxin/ thioredoxin reductase (Luthman & Holmgren, 1982) .
Routine tests used in microbiology to detect enzyme activities from agar or broth cultures were adapted to liquid media for the assays of the mycobacterial fractions. Urease, arginine hydrolase, lysine decarboxylase, ornithine decarboxylase and phenylalanine deaminase (Smibert & Krieg, 1981) were revealed by alkalinization of the reaction medium and plactamase was detected by the hydrolysis of nitrocefin (Glaxo) (Kannan et al., 1987) . The other tests used were as indicated:
arylsulfatase (Smibert & Krieg, 1981) , carboxypeptidases A and B (Woodbury et al., 1981) , catalase (Vincent LevyFrLbault & Portaels, 1992), a-and p-esterases (Vincent LevyFribault & Portaels, 1992), hippurate hydrolysis (Smibert & Krieg, 1981 ; method 2), nitrate reductase (Smibert & Krieg, 1981 ; method 2) and sodium p-aminosalicylate degradation (Tsukamura, 1966) .
RESULTS

Growth of M. smegmatis and secretion of proteins
It is well k n o w n that mycobacteria release various substances, including proteins, into their surrounding medium. However, depending o n the physiological state of the cultures, the material may contain products originating from the cell envelope and/or the cytosolic compartment of the cell. Thus, the growth of M. smegmatis a n d the release of proteins into the culture medium during the different growth phases were investi- gated over a period of 9 d (Fig. la) . The bacilli multiplied for 3-4 d, followed by a stationary phase. The release of proteins into the culture medium is a late phenomenon that reached its maximum intensity after the onset of the stationary phase. The extracellular materials were assayed for the presence of enzymes whose cellular location is well known : isocitrate dehydrogenase, an indicator of autolysis (Andersen et al., 1991) ; alanine aminopeptidase, previously characterized in the cell envelope of M. smegmatis (Kilburn & Best, 1977) ; and lipase (Akao et al., 1981) , an actively secreted protein. The three activities were quantified throughout the growth phases in the culture medium and the cell extract. The Tween 80 hydrolase activity (Table 1 ) appeared in the culture filtrate from day 3, while no isocitrate dehydrogenase activity was detected in the culture fluid. The cellenvelope-associated alanine aminopeptidase activity was detected in the culture fluid from the onset of the stationary phase, i.e. day 6 (Table l) , a result consistent with the previous observation that a maximum activity of this enzyme, which is presumably involved in the turnover of the cell wall, occurred in the late exponential phase of growth of M. smegmatis (Kilburn & Best, 1977) . This would explain the release of soluble materials from the cell envelope into the culture fluid. No isocitrate dehydrogenase activity was detected, however, in the culture fluids in the growth period examined. Thus, taken together, the distribution of the three enzyme activities in the different fractions is in complete agreement with their predicted location.
Growth of M. tuberculosis and secretion of proteins
The growth of M. tuberculosis H37Rv was investigated over a period of 40 d in static cultures (Fig. lb) . The bacilli multiplied and reached the stationary phase after day 25. As in the case of M. smegmatis, the production of extracellular proteins by M. tu6erculosis reached its maximum value after the onset of the stationary phase. The isocitrate dehydrogenase activity in the culture broth followed the growth curve: no activity was detected before day 20, then an increased activity of the enzyme was observed in the culture fluid throughout the stationary phase. Thus, the enzyme activities present in the culture filtrate of M. tu6erculosis H37Rv at day 16 were considered to derive from an extracellular location whereas those that appeared in older cultures are likely to have derived from the autolysis of the bacteria. T o determine the enzyme profile of the two mycobacterial species, we first undertook a qualitative analysis of the enzyme profiles of the extracellular materials. Seventy-two enzyme activities were assayed throughout the different growth phases of M. tuberculosis H37Rv and M . smegmatis. The tested activities included: (i) those enzymes previously described in mycobacteria, such as alanine dehydrogenase (Andersen et al., 1992) , alcohol dehydrogenase (de Bruyn et al., 1981) , glutamine synthetase (Harth et al., 1994) , P-lactamase (Wagner et al., 1995) , or phospholipase C (Johansen et al., 1996) ; (ii) the 19 activities detected by the API ZYM system (Casal & Linares, 1984) ; (iii) the hydrolytic enzymes reported by Kannan et al. (1987) ; (iv) the enzyme activities used for identifying the various mycobacterial species (Tsukamura, 1981) ; (v) those used for the general characterization of bacteria (Smibert & Krieg, 1981) ; (vi) enzymes previously described as virulence factors in pathogenic bacteria (Salyers & Whitt, 1994) .
Preliminary results demonstrated that some of the enzyme activities, especially those detected by the tests performed in agar plates and generally all the enzyme tests performed by incubating the culture fluids more than 16 h at 37 "C, may give false positive results, probably due to contamination with non-mycobacterial species.The fraction most susceptible to bacterial contamination was the dialysed culture fluid, probably because of the elimination of glycerol, which is known to be toxic for many bacterial species at high concentration. Consequently, we systematically added to each assay chloramphenicol and gentamicin at a concentration of 100 pg ml-', two broad-spectrum antibiotics which specifically inhibit the synthesis of bacterial proteins; in agreement with their mode of action, neither antibiotic interfered with the various assays performed.
A total of 14 and 19 extracellular enzyme activities, i.e. positive activities present in the culture fluids devoid of subsequent bacterial contamination and of isocitrate dehydrogenase, were detected in M. smegmatis and M . tuberculosis H37Rv, respectively. When more strains of M. tuberculosis were analysed, a total of 22 enzyme activites were revealed in the culture fluids of this species (Table 2) , i.e. the 19 extracellular activities of H37Rv and three additional enzyme activities, namely catalase, peroxidase and lipase. Twelve enzyme activities were common to the culture filtrates of both species (group 11, Table 2 ). A semi-quantitative analysis of these enzyme activities revealed that the corresponding enzymes were present in the two culture filtrates in similar concentrations. Thus, it is unlikely that these types of enzyme activities account for the pathogenicity of the tubercle bacillus. Interestingly, however, ten of the extracellular activities of M. tuberculosis, though present in the cell extract of M. smegmatis, were not detected in the 5 d culture filtrate of M. smegmatis (group I, Table 2 ), suggesting that they have either an envelope-associated or a cytosolic location in this latter species. Conversely, two enzyme activities present in the cell extracts of both species were detected in the culture fluid of M. smegmatis but not in that of M. tuberculosis (group 111, Table 2 ).
Due to the great diversity of extracellular proteins produced by the two species, no relationship could be Table 3 for details) are in bold. 1995) , but this approach yields little information about the enzyme activity. Attempts to reveal the activities on gels were hampered by the irreversible denaturation of the enzymes on SDS-PAGE and the great difficulty of adapting most of the tests used for gel detection, notably those based on kinetic measurement of substrates. Accordingly, the ten enzyme activities present in the culture fluid of the tubercle bacillus and absent from that of the saprophytic species M. srnegmatis were quantified using conventional methods.
Quantification of the extracellular enzyme activities of M. tuberculosis
Assuming that the potential role of an extracellular enzyme in pathogenesis depends in part on the relative quantity of the enzyme in the extracellular fluid, we investigated the distribution of the enzyme activities between the inside and the outside of M. tuberculosis cells and defined a localization index for the corresponding enzymes. Table 3 demonstrates that a significant part of the enzyme activities was found in the culture filtrate. Depending on the enzyme, the percentage of the total enzyme activity found in the culture fluid ranged from 17 to 92 '30. The relative percentage of a given enzyme probably varies during the growth phases of the strain. Harth et al. (1994) reported that 30% of the glutamine synthetase of M. tuberculosis H37Rv was found in the culture filtrate whereas the extracellular portion of this enzyme was estimated in the present study to be 17% of the total bacterial activity of the same strain grown on the same culture medium. That the eight enzyme activities examined are probably due to secreted proteins was best seen when the activities were expressed relative to the amounts of proteins in the two cell compartments, i.e. the localization index (Table  3) . The different activities were between fourfold and 134-fold more concentrated in the extracellular fluid than in the inside of the cells.
Interestingly, fractionation of the cell extract to yield a 2OOOOg pellet consisting mainly of cell envelope fragments demonstrated that this fraction contained only a negligible proportion (O-l%) of most of the enzyme activities tested, further confirming that the activities correspond to secreted enzymes rather than proteins that reside in the cell envelope fraction. A notable exception was, however, alanine aminopeptidase ; the enzyme activity found in the cell envelope fraction represented roughly 10 % of the total bacterial content, in agreement with its putative location (Kilburn & Best, 1977) .
Surface-located enzyme activities of M. smegmatis and M. tuberculosis
T o identify the enzymes that have a surface location and thus possess a potential role in the interaction between the bacteria and their environment, the amorphous material that covers cells of the two mycobacterial species was extracted with glass beads (Ortalo-Magne et al., 1995) and analysed for its enzyme content. As expected from the dynamics of the cell envelope (Daffe & Draper, 1998) , the different extracellular activities (Table 2) were also detected in the surface-located The enzvines correspond to those of group I in Table 2 , except that catalase and peroxidase activities were absent from the culture filtrate of this strain. The activities (in units, as defined in Methods) were determined in the extracellular medium and the cell extract corresponding to the 3000 g supernatant obtained after disrupting the mycobacterial cells (16-d-old culture) as described in Methods. The fractions were tested at a protein concentration of 50 pg ml-l. The values are the mean of two independent experiments. The localization index corresponds to the extracellular enzyme activity per mg protein in the culture filtrate divided by the enzyme activity per mg protein in the cell-bound compartment.
Enzyme
Total activity (U)* extracellular and surface locations of the enzymes were defined according to whether the activity was detected in the indicated culture filtrates or the corresponding bead-extracted materials. When the activity was detected in the cell extract (the 3000 g supernatant) but not in the extracellular and surface-located material, the corresponding enzyme was considered as having an internal location. The fractions were tested at a protein concentration of 50 pg ml-'. Abbreviations : E, extracellular location; I, internal location ; S, surface location. S  S  S  S  I  I  I  I  I   I  I  I   I  I  I  I  I  I  I I E E E materials of the corresponding strains examined. These materials did not show, however, any additional enzyme activities. As far as the ten selected extracellular enzyme activities of M. tuberculosis are concerned (group I, Table 2 ) , the enzyme activities that were absent from one of the three strains of M. tuberculosis examined ( Table 2 ) were easily detected in the surface-exposed material (Table 4) . For instance, catalase and peroxidase Cells were eroded with glass beads (treatment l), Tween 80 for 1 h (2), Tween 80 for 4 h (3), glass beads after treatment with Tween 80 for 1 h (4) or 4 h (5), Tween 80 for 24 h (6) and glass beads after treatment with Tween 80 for 24 h (7). The various enzyme activities were measured as described in Methods. + , Activity detected; -, no activity detected. The absence in M. smegmatis of a set of extracellular and surface-exposed enzymes that are found in M. tuberculosis may be explained by either a cytosolic location or an internal capsular location of these enzymes in M. smegmatis. To locate these eight extracellular enzyme activities (see above), we extracted the capsular materials covering M. smegmatis cells stepwise with Tween 80 for 1, 4 or 24 h and with glass beads, a method known to expose internal capsular constituents (Ortalo-Magnk et al., 1996) . Analysis of the extracted materials (Table 5 ) showed a marked difference in the location of the various enzyme activities in the cell envelope compartments of M. smegmatis. The alanine dehydrogenase, alcohol dehydrogenase and glutamine synthetase activities were detected in the materials resulting from the treatment of cells with Tween 80 for 1 h or longer, as well as in the materials recovered from the bacilli treated with glass beads. The catalase and the peroxidase activities were located in a more internal compartment of the capsule than the three former enzymes, since they were not detected prior to the treatment of cells with Tween 80 for 4 h, followed by the action of glass beads on the treated bacilli. The resulting material contained both enzymes ( Table 5 ). The nicotinamidase and isonicotinamidase activities were found buried more deeply in the capsule of M. smegmatis than the five other enzymes since the corresponding activities were not measurable prior to the treatment of the bacilli with Tween 80 for 24 h. Although the superoxide dismutase activity was easily characterized in the cell extract of M. smegrnatis, no detectable activity of this enzyme was found in the different Tween 80 extracts examined. It follows then that, with the possible exception of superoxide dismutase, which may be located in the cell wall or in the cytosol, the extracellular enzyme activities of M. tuberculosis examined here are present in various internal compartments of the capsule of M. smegmatis. Table 2 ) was also investigated by measuring the activities in the materials extracted from the tubercle bacillus with Tween 80 and glass beads (Ortalo-Magnk et al., 1996) . The erosion of regions of the capsule of M. tuberculosis by treating cells with Tween 80 for 1 or 4 h and the subsequent use of glass beads did not expose the two enzymes on the bacterial surface. A treatment with Tween 80 for 24 h was necessary to extract of the a-esterase activity but no Tween 80 hydrolase activity was detected ( Table 5 ) . This latter enzyme, though present in the cytosol, was not detectable in the various compartments of the capsule, suggesting that the enzyme is located either more deeply in the cell wall or in the cytosol of M. tuberculosis.
Enzyme activity
Localization in
Extracellular and surface-located enzyme activities of other mycobacterial species
T o further evaluate the potential biological significance of the ten extracellular and surface-located enzymes of the obligate pathogen M. tuberculosis (group I, Table  2 ), we compared the enzyme profiles of M. bovis BCG (a member of the M. tuberculosis complex), a rapidgrowing (M. fortuitum) and a slow-growing (M. kansasii) opportunistic pathogen, and an additional non-pathogenic species (M. phlei) ( Table 4 ). This resulted in the classification of the examined strains into three groups: (i) the obligate pathogens (the M. tuberculosis-bovis complex) which invariably secrete or expose on their surfaces the ten enzymes listed in Table   4 ; (ii) the non-pathogens M . smegmatis and M . phlei, in which most of these enzymes are neither secreted nor surface-located ; (iii) the opportunistic pathogens that secrete or expose on their surfaces some of these enzymes. As the growth rates of the species are not correlated with their extracellular enzyme profiles, the difference in the secretion and/or exposure of enzymes such as superoxide dismutase, catalase, peroxidase, glutamine synthetase and alanine dehydrogenase are more likely to be related to the degree of pathogenicity of the organisms rather than to their growth rate.
DISCUSSION
T o evaluate the contribution of extracellular enzymes to the pathogenicity of the tubercle bacillus, the enzyme activities of M. tuberculosis were determined and compared to those of other mycobacterial species, including obligate and opportunistic pathogens, and non-pathogenic species. T o achieve this, the enzyme profiles of M. tuberculosis and M . smegmatis were first determined throughout their different growth phases to differentiate clearly between extracellular enzymes and those derived from the release of surface-located or cytosolic material into the culture filtrate. This approach led us to use culture fluids devoid of any detectable isocitrate dehydrogenase activity, a marker of cell lysis, and to perform the enzyme tests in conditions that prevent commonly occurring bacterial contamination. Our results are generally in agreement with the data in the literature. Eight extracellular enzyme activities were found to be present in the culture fluids and/or on the cell surfaces of M. tuberculosis and M . bovis, and absent from those of the non-pathogenic species M. smegmatis and M . phlei, in which these enzymes are located more deeply in their cell envelopes. Interestingly, the opportunistic mycobacterial pathogens examined, M. kansasii and M . fortuitum, secrete and/or expose some of these enzymes, further supporting their possible implication in mycobacterial pathogenicity. In addition, the presence of some enzymes, namely alcohol dehydrogenase, glutamine synthetase and superoxide dismutase, in the outermost compartments of only M. tuberculosis and M . bovis BCG suggest a potential role for these enzymes in the pathogenesis of tuberculosis.
The possible implication of some of these extracellular enzymes of M. tuberculosis in the pathogenesis of M. tuberculosis infections is also supported by data from the literature. For instance, Harth et al. (1994) have suggested that extracellular glutamine synthetase would principally catalyse the synthesis of the L-glutamine component of the L-glutamate/glutamine polymer assumed to be primarily present in the cell envelope of the virulent strains of the M. tuberculosis complex (Migliore et al., 1966; Wietzerbin et al., 1975) . In addition, glutamine synthetase, which can release ammonia from glutamine, the most abundant amino acid of the host cells (Barclay & Wheeler, 1989) , may contribute to the capacity of M. tuberculosis to inhibit phagosome acidification and phagosome-lysosome fusion in infected monocytes. This hypothesis would account for the fact that glutamine synthetase was more concentrated in the culture fluid of pathogenic mycobacteria (Harth et al., 1994 and Table 4 ). Similarly, alanine dehydrogenase has been shown to be released in substantial amounts into the culture medium of virulent strains of M. tuberculosis only (Andersen et al., 1992) , a finding that would suggest a role for alanine dehydrogenase in the virulence of M. tuberculosis. Its involvement in nitrogen metabolism, releasing ammonia from alanine, the second most abundant amino acid in the extracellular fluid of the host (Barclay & Wheeler, 1989) , would also suggest a role for alanine dehydrogenase in the inhibition of the phagosome acidification.
Likewise, the catalase-negative mutants of M. tuberculosis that are frequently resistant to isoniazid (Middlebrook, 1954) are known to exhibit lower virulence towards guinea pigs than the parent strains (Middlebrook & Cohn, 1953) . Furthermore, integration of a functional katG, a gene that encodes catalaseperoxidase, into an attenuated catalase-negative strain of M. bovis restored full virulence for guinea pigs (Wilson et al., 1995) , thereby establishing that catalase and/or peroxidase are virulence factors at least in this host. These enzymes, as well as superoxide dismutase, have been regarded for a long time as putative candidates to resist the toxic oxygen intermediates produced by host phagocytes. In the case of superoxide dismutase, this hypothesis is largely founded on the unusual extracellular localization of superoxide dismutase, which has a cytosolic location in most non-pathogenic species of mycobacteria (Escuyer et al., 1996) . Our finding that superoxide dismutase is located extracellularly in M. tuberculosis and in the cell wall or the cytosol of M. smegmatis supports this hypothesis. The significance of the other extracellular enzymes selectively present in M. tuberculosis in the virulence of this bacterium is rather unclear, although extracellular nicotinamidase may be involved in its characteristic niacin production. Application of molecular biological methods to mycobacteria should help establish the importance of the extracellular enzymes that we propose as being involved in the pathogenicity of M. tuberculosis.
These enzymes are not necessarily the only important extracellular ones for mycobacterial pathogenicity, as the use of a synthetic culture medium could prevent the production of inducible hydrolytic enzymes. Indeed, previous results have shown that at least gelatinase (Imboden et al., 1996) , fibrinogen and elastin hydrolase (Dave et al., 1996) , urease (Clemens et al., 1995) or phospholipase (Wheeler & Ratledge, 1992 ) activities can be induced or strongly stimulated according to the culture medium. Cultivating the micro-organisms on media containing various substrates mimicking the environment of infected cells would complement the present approach.
Finally, a significant aspect of the present work is the finding that some extracellular enzymes of M. tuberculosis reside in internal compartments of the cell envelope of M . smegmatis and vice versa. It has been recently shown by Escuyer et al. (1996) that M . smegmatis, a species in which superoxide dismutase is strictly cytosolic, upon transformation by the gene from M. avium that encodes the enzyme was able to expose on its cell surface and even release the enzyme into the culture fluid in conditions where autolysis was estimated to be minimal. This result suggested that M. avium and pathogenic mycobacterial species differ from M. smegmatis in the secretion of superoxide dismutase through the cytoplasmic membrane. By showing the localization of seven extracellular enzyme activities, presumaby from secreted proteins, of M. tuberculosis in the cell envelope of M. smegmatis, we have demonstrated that mycobacterial species also differ in the exposure on their surfaces and secretion (into their environment) of some proteins. While M. tuberculosis and some pathogenic species examined here secrete and/or expose on their surface some enzymes potentially involved in the pathogenicity, they neither secrete nor expose other proteins, such as a-esterase and Tween 80 hydrolase. These data point to a fundamental difference in the architecture of the cell envelopes of pathogenic and non-pathogenic mycobacteria, and suggest that further study of the mechanisms involved in the secretion or excretion of macromolecules through the mycobacterial cell envelopes is warranted.
